out in the opposite directions by mechanical strain to leave single-chiral vortices linearly aligned along an isothermal line formed during quenching. Our study provides an important insight into spatial manipulation of the topological defects in oxide multiferroics by interrogating far-equilibrium dynamics of symmetry breaking continuous phase transitions.
I. INTRODUCTION
Symmetry breaking phase transitions play important roles in diverse science fields including cosmology, biology, and condensed matter physics [1] [2] [3] [4] . The disordered hightemperature phase loses one or more symmetries across the phase transition temperature (TC) to the ordered low-temperature phase that is protected from thermal fluctuations with the emergence of structural rigidity. Nonetheless, thermal fluctuations tend to recover the broken symmetry via defects, distortions, or long-wavelength dynamic modes [1] . The properties of the broken symmetry phase are largely controlled by these high-temperature phase "remnants". In particular, as an elementary excitation in the broken continuous symmetry phases, topological defects are an important class of defects that are formed via the Kibble-Zurek mechanism [5] [6] [7] [8] [9] . The fundamental causality is that the speed limit in communication on choice of the local broken symmetry between different regions (in the case of the early universe, the light speed c), that cannot keep up with the diverging correlation length near the critical point, leading to the "freeze-out" of spatial extension of correlated order parameter. Consequently, random choices of the broken symmetry chosen by different regions lead to the formation of topological defects that are nontrivial homotopy groups [1, 8] . Vortices and antivortices are topologically protected excitations often observed in the systems with a continuous U(1) symmetry, such as the XY models.
As noted by Kosterlitz-Thouless [10] , a sufficiently large number of vortices can destroy long range order, which can drive a phase transition to the high-temperature disordered phase.
Ferroelectric hexagonal manganites have been extensively studied as an ideal test bed for the Kibble-Zurek mechanism [11] [12] [13] [14] [15] [16] since the discovery of the clover-leaf shape vortex domain structures spanning whole crystals. The order parameter space is characterized by the azimuthal angle (φ) and the amplitude (Q) of oxygen tilting in the MnO5 bipyramids. At low temperature, with a finite value of Q, six-fold degenerate potential wells are formed by the three discrete φ values (0, 2π/3, 4π/3) coupled with the two polarization directions (+, -) along the c-axis. Near the phase transition temperature (TC ~ 1250 o C for ErMnO3) upon heating, the vanishingly decreasing tilting amplitude Q due to small magnitude of the K3 mode lowers the potential barriers between adjacent wells. Consequently, the order parameter space becomes a unit circle S1 with continuous U(1) symmetry, thus satisfying the Kibble mechanism for the formation of topological defects with nontrivial fundamental homotopy group of πk(S1) [6] . Similar to the Kosterlitz-Thouless transition in normal to superfluid in 4 He [17] , the ferroelectric to paraelectric phase transition in hexagonal manganites is led by formation of vortexantivortex pairs. Although the true ground state is the long-range-order stripe domain state, because of extremely slow kinetics of vortex-antivortex annihilation process, the quasi-long-range-order phases (vortices) are left over in the crystal upon cooling [11] . Up to date, heating experiments for hexagonal manganites have been carried out in sufficient oxygen partial pressures, such as air atmosphere, to test the Kibble-Zurek mechanism [11, [12] [13] [14] . In situ TEM study poses a great potential as domain structures can be directly compared before and after heating to understand topological defects' role on phase transition and ultimately to manipulate topological defects for practical applications. However, heating oxide TEM samples in high vacuum is a difficult task because of the sensitive changes in oxygen content to oxygen partial pressure at temperatures above 200 o C [18] [19] [20] [21] .
Although the Zurek mechanism allows us to predict the power-law scaling of the vortex-antivortex pair density with the cooling rate, random distributions of vortexantivortex pairs are observed due to the random choices of order parameter φ across the phase transition according to the Kibble mechanism. As vortices are connected by functional domain walls of which conductivity can be controllable with their bound charges (the polarization discontinuities across domain walls) [22] , the ability to manipulate vortices may lead to a new route towards realization of neuromorphic system consisting of networks of vortices connected each other with domain walls [23] . In this letter, we report in situ electric arcing in TEM as a novel way to induce not only high- Er-displacement measurements was carried with a custom-made codes.
III. RESULTS AND DISCUSSIONS
A. In situ electrical arching and TEM analysis heating, similar to electric arc process, as schematically shown in Fig. 1(b) . After consuming all charges at the tip, the sample cools down rapidly. We have simulated the temperature distributions during electric arcing [24] , as shown in Fig. 1(c) . As the heat is mainly generated at the contact and dissipates through sample, a significant temperature gradient develops.
TEM samples were prepared by focused ion beam (FIB) from an ErMnO3 single crystal with initial stripe domains [11] . No vortex cores were found in the TEM sample except domain walls including negatively charged domain walls in tail-to-tail configuration, as shown in Fig. 1(d) . After in situ electric arc heating, the sample area near the contact is damaged (bottom image in Fig. 1(d) ). However, the negatively charged domain wall, located about 1 um away from the contact, is little changed, indicating the local temperature around this wall not raised significantly. Fig. 1(b) ).
In the Kosterlitz-Thouless phase transition, vortex and antivortex are formed in pair across TC, as a vortex-antivortex pair can be continuously transformed into a trivial state. However, the vortices found at the domain walls in Fig. 1(e) do not share domain walls with neighboring vortices, indicating that these vortices are not paired. Fig. 2(a) shows 
B. Phase-field simulations
To understand the selective removal of antivortices, we employ phase-field simulations to investigate the temporal evolution of domain structures [26] . With two sets of order parameter, i.e., polarization Pz and structural trimerization with magnitude Q and phase j [24] , the single-chirality stripe-domains are related to the interaction force
where is the strain tensor, and is the coupling coefficient [26] . To simulate the experimental conditions, a nonzero strain and a temperature of 1 K below TC is applied to the upper half of the system ( , with L the system size), while a zero strain and a temperature of 200 K below TC is applied to the lower half ( ). The nonzero strain gives rise to effective forces exerted on vortices and antivortices in the opposite directions [27] .
The simulation results are shown in Fig. 3 . Initially, there are two domains separated by the positively charged domain wall in the middle (Fig. 3(a) ) to simulate the experimental results ( Fig. 1(e) ). Then small random noises are added to the upper half of the system, which represent the effect of thermal fluctuation near TC. Vortices and antivortices are only formed in the upper half region (Fig. 3(b) ). After the system is cooled down, in the upper half domain, the applied strain pulls the vortices downwards while the antivortices are pulled upwards and eventually out of the top surface of the system (Fig.   3(c) ). Finally, the vortices are pulled away from the strained and high-temperature region and linearly aligned, as shown in Fig. 3(d) . The strain-induced separation of vortices
was previously reported by Xue et al. [28] . We note that a strain may develop in the sample due to the inhomogeneous temperature distribution (Fig. 1(c) ) during the experiment caused by local lattice expansions and/or formation of oxygen vacancies near the contact. Due to the sheet-shape of the TEM sample, the induced strain along the inplane direction is different from that along out-of-plane direction, i.e., in heated region of the sample. From equation (1), the domains in the strained region tend to modulate along the x direction of sample. We found that the positively charged domain wall play no significant roles on the vortex-antivortex separation process. Vortices slow down at the positively charged domain wall dominantly due to the local temperature kept 200 K below TC.
A. Structural analysis
A large temperature gradient during rapid heating and cooling in this experiment may provide a unique tool to study the dynamics of continuous phase transition beyond observation of vortices. Up to date, all studies performed on uniform heating and cooling with conventional furnace set up with cooling rates in the range of 10 -3 ~ 10 3 K/min [11, 12] . Our experiment provides a unique access to the upper limit in cooling rate, as discussed below. Fig. 4(a) shows a bright-field (BF) TEM image taken from an area near the contact. There are two distinctive areas: the surface area (A) and the nanometer-scale domain area (B). An atomic resolution STEM HAADF image (Fig. 4(d) (Fig. 4(b) ) shows an additional reflection (001) along the c-axis, indicated with the white arrow head in Fig. 4(b) , consistent with the doubling of the Mnlayer distance along the c-axis. We note that two independent studies on oxygen deficient
YMnO3 crystals also show similar electron diffractions, attributed to the clustering of oxygen vacancy [29, 30] . In addition, the surface area A shows negligible Mn (Fig. 4(e) ), two peaks (a and d) associated with the Mn-O bonding contributions are dramatically reduced in the surface area compared to those in the bulk [29] . In addition, Mn-L edge (Fig. 4(f) ) shows a noticeable reduction in the Mn valence state (as indicated by a decrease in L2 peak compared to L3), indicating higher concentration of oxygen vacancy in the surface area.
An atomic resolution STEM HAADF image (Fig. 4(g) ) taken from the area B (right below the surface area) shows stripe-like domains with ~ a few nm widths. Using custom-made software [31] , all Er-column displacements with respect to neighboring Mn columns are measured with subpixel accuracy (~20 pA) and overlaid to the STEM HAADF image. Griffin et al. [12] showed that a characteristic length scale corresponding to the correlation length ξf at the freeze-out temperature determines the average domain size when the sample is quenched as the following.
where ξ0 is the zero-temperature correlation length, the quench time, the zerotemperature relaxation time, and µ and ν the scaling constants. Based on the above relation and parameters obtained by Griffin et al., the quench time in our experiment can be estimated less than 1 µsec (corresponding to ~10 6 K/min cooling rate) for the average domain size of 10 nm [24] , consistent with our simulation results in Figure 1c . We note that the average domain size in the above equation is linearly dependent on ξ0, which is estimated 1 Å in the upper limit. The above cooling rate is faster by three orders than the largest cooling rate experimentally tested for hexagonal manganites. This rapid cooling rate in our experiment kinetically preserves the stoichiometry of the TEM sample heated near the TC in a high vacuum of low 10 -7 torr in TEM while the surface layer shows the change in crystal structure and formation of Mn and O vacancies. Although electrostatics become unimportant near the TC as the amplitude of oxygen tilting (Q) become vanishingly small, the charged domain walls can be removed by the built-in electric field set up by inhomogeneous oxygen vacancy distribution near the surface of sample, via the so called "self-poling effect" [32] . Thus, it can be concluded that the small non-stripe domains near the surface layer (Fig. 4(g) ) formed right after the phase transition turn into stripe-shape by the self-poling effect.
Off-axis electron holography shows a change in the electrostatic potential landscapes near the contact area before and after the heating experiment (detailed information on off-axis electron holography analysis can be found somewhere else [33] .), consistent with the self-poling due to oxygen vacancy formation. There was a Pup domain near the sample surface before the heating experiment, as shown in Fig. 1(d) . After electric arc experiment, the Pdown domain formed near the surface to form positively charged domain walls ( Fig. 5(a) ). The phase shift map reconstructed from the region indicated in Fig. 5(a) 
